An amino acid sequence is proposed for the cytochrome C4 from the bacterium Azotobacter vinelandli strain OP. It is a single polypeptide chain of 190 residues, with two sets of haem-attachment cysteine residues at positions 14/17 and 119/122. Proteins with similar sequences are also present in denitrifying pseudomonads. There is similarity in sequence between the two halves of the cytochrome c4 molecule, and each half also shows similarity to the sequences of certain monohaem cytochromes c isolated from organisms that are not obviously closely related to A. vinelandii. Detailed evidence for the amino acid sequence of the protein has been deposited as Supplementary Publication SUP 50125 (17 pages) at the British Library Lending Division, Boston Spa, West Yorkshire LS23 7BQ, U.K., from whom copies are available on prepayment.
The presence of cytochrome c in Azotobacter was recognized in the 1930s in several laboratories (Keilin, 1966) . In Burnis's laboratory, Tissieres (1956) purified two distinct cytochromes c from Azotobacter vinelandii, and named them cytochromes c4 and c5. These proteins were subsequently crystallized by Neumann & Burnis (1959) , who showed that (like mitochondrial cytochrome c) they had haem contents of about one per 12000Da and had acidic isoelectric points (about pH 4.5). Their midpoint oxidoreduction potentials were slightly more positive than that of the mitochondrial protein. Swank & Burris (1969) and Campbell et al. (1973) showed that cytochrome c4 contained two haem groups in a protein of M, about 21000, and was clearly different in amino acid composition and sequence to the monohaem cytochrome c5. The bacterium also produces high concentrations of a third small soluble cytochrome c (Campbell et al., 1973) , which possesses an amino acid sequence (Ambler, 1973) that is clearly homologous with that of Pseudomonas cytochrome c-551 (Ambler, 1963b) .
Although the highest concentrations of cytochromes c seem to occur in A. vinelandii cells when they are being forced to fix nitrogen to be able to grow (Swank & Burnis, 1969) , the cytochromes are not directly involved in this fixation. The physicochemical properties of cytochrome c4 are not sufficiently distinctive for its presence in an organism to be demonstrated without purification and molecular characterization (Meyer & Kamen, 1982) . However, the cytochrome c-552(IL) isolated from a particulate fraction of Pseudomonas stutzeri (Kodama & Shidara, 1969) is clearly a cytochrome C4, as is a protein from the P-cytochrome-554 fraction of Pseudomonas aeruginosa (Horio et al., 1960) , as demonstrated by N-terminal sequence analysis (Ambler & Murray, 1973) (Tissieres, 1956) , acetone treatment of a particulate fraction (Kodama & Shidara, 1969) or detergent (Matsushita et al., 1982) . Cytochrome C4 can be extracted from acetone-dried preparations of bacterial cells (Ambler, 1963a) , but yields are variable.
In the present paper we propose an amino acid (Fig. 1) . The material used for the automatic sequenator degradations (Ambler & Murray, 1973) was from strain 0 (N.C.I.B. 8789, A.T.C.C. 12837), and was isolated from acetonedried cells by the method of Ambler (1963a) . An amino acid analysis of this preparation is also given in Table 1 .
Amino acid sequence determination
The amino acid sequence was determined by the general methods that have been used for other bacterial cytochromes c (Ambler & Wynn, 1973; Ambler et al., 1979) , and to similar standards. Protein (1-3ymol) was treated with HgCl2 in 8M-urea/0.1 M-HCI at 37°C for 16 h to remove the haem moiety, and after gel filtration and freeze-drying the sample was digested with a proteinase. The peptides were fractionated by gel filtration followed by high-voltage paper electrophoresis and chromatography, and then analysed quantitatively for amino acid composition and purity. Peptide sequences were investigated by the dansyl (5-dimethylaminonaphthalene -1 -sulphonyl) / phenyl isothiocyanate method, and by exo-and endopeptidase digestion. The N-terminal sequence of the whole protein was investigated with an automatic sequenator (Beckman model 890A) with a fast Quadrol double-cleavage program (Beckman 072172B), identifying the phenylthiohydantoin derivatives by g.l.c. or t.l.c. Amide groups were assigned from peptide electrophoretic mobilities, exopeptidase analysis and direct identification of phenylthiohydantoin derivatives. Peptides containing the -Asp-Pro-bond were cleaved by incubating in 5% (v/v) formic acid at 60°C for 16 h.
Results
The amino acid composition of the protein is shown in Table 1 . The evidence for the amino acid sequence proposed is summarized in Fig. 1 . Details of the purification, analysis and sequence determination experiments on all these peptides are given in the Supplementary Publication (SUP 50125). The criteria for satisfactory results, and the nature and format of the Supplementary Publication, are given in previous papers (Ambler & Wynn, 1973; Ambler et al., 1979) .
The amino acid sequence was deduced by characterizing peptides from four independent digests. These were: (a) 2.3 pmol of (performic acid-)oxidized protein, digested with thermolysin; The regions on the C-terminal sides of the two haem-attachment sites were difficult to sequence, as they did not contain bonds susceptible to the more specific proteinases. Redundant confirmatory sequence information was not obtained for these regions, and the evidence for the assignment of some amide residues is weak. We believe that the sequence of residues 21-23 is -Asp-Gly-Asn-(rather than -Asn-Gly-Asp-) because the amide group is not labile in the way characteristic of -Asn-Gly-sequences. In contrast, peptides containing residues 126-128 (-Asn-Gly-Glu-) did change in electrophoretic mobility in the course of purification, and particularly when treated with 0.1 M-NH3.
The only evidence given for the amide ascriptions for residues Asp-3 and Gln-8 was derived from automatic sequenator degradations of the whole protein. Evidence from peptide mobilities showed that there was an amide group on one or other of these residues, but the need to determine on which was overlooked until after the suitable peptides had been used for other purposes (fastatom-bombardment mass spectrometry; Williams et al., 1982) .
No attempt was made to characterize peptides formed by CNBr cleavage of the protein, as the Table 1 . Amino acid composition of Azotobacter vinelandii cytochrome C4 Results are shown as mol of residue/mol, and were calculated on the basis that the total of all residues was 188. The samples were hydrolysed at 105lC with 6M-HCI. Sample (3) was hydrolysed for 96h, the others for 24h. Sample (1) and (5) were of native protein. The others had had the haem removed before hydrolysis. Samples (2) and (3) were oxidized with performic acid, and sample (4) was aminoethylated with ethyleneimine, before hydrolysis. Samples (I)-(4) were from the protein isolated from strain OP, sample (5) was from the protein from strain 0 (N.C.I.B. 8789). The 'best value' is the average of the accepted estimates from analyses (1)-(4). Values discarded because the hydrolysis conditions were not optimal for recovery of the amino acid concerned are shown in parentheses. The results reported by Campbell et al. (1973) The only unexpected proteolytic cleavage observed was that chymotrypsin splits bond 135-136 (-Tyr-Pro-). The predicted peptide 'C32' (ProArg-Leu) was not noticed in the chymotryptic digest, but would have been stained only weakly with ninhydrin on paper, and so could have easily been overlooked. The susceptibility of the bond to chymotrypsin was confirmed by sub-digestion of peptide F15b, although the isatin-staining basic peptide did not give a satisfactory quantitative Vol. 222 amino acid composition, probably because of contamination in the hydrolysis tube. The same sequence -Ala-Tyr-Pro-Arg-occurs in Leucaena glauca ferredoxin (Benson & Yasunobu, 1969) , and in this case also the -Tyr-Pro-bond appears to be split by chymotrypsin, although the authors do not remark on it. Other plant ferredoxins (e.g. spinach; Matsubara & Sasaki, 1968) lack the arginine residue here, and in these cases the -Tyr-Pro-bond appears to be resistant to chymotryptic hydrolysis.
Features of the amino acid sequence
The polypeptide chain is about twice as long as that found in typical 'Class I' (Ambler, 1982) r04 H4
be recognized between the halves of the molecule (Fig. 2) , although three insertions, of one, four and nine amino acids, are needed to maximize matching. A bridge region (residues 90-115) links the matching parts, and contains the only -Asp-Prosequence in the molecule. It should therefore be possible to cleave the cytochrome into two nearly equivalent parts by very mild acid hydrolysis.
An incomplete tentative sequence for the cytochrome C4 from Ps. aeruginosa has been reported (Ambler, 1982; and see Dickerson, 1980) . This sequence (Fig. 2) [typographical errors by Ambler (1982) for the Ps. aeruginosa sequence caused the omission of the threonine residue corresponding to Thr-159, and showed an extra isoleucine residue after the one corresponding to Ala-172 in the A. vinelandii sequence] aligns exactly with that of the A. vinelandii protein except that it does not have the nine-residue insertion in the first half of the sequence. There is about 75% sequence identity between the two proteins.
Each half of cytochrome C4 shows sequence similarity to the monohaem cytochrome c of Class IC (Ambler, 1982) , which include the soluble 'cytochromef' from eukaryotic algae and cyanobacteria (Ambler & Bartsch, 1975; see Wood, 1977 , for nomenclature clarification), and proteins from various bacteria with nitrate or sulphur-compound metabolisms. We expect that when the threedimensional structure of a cytochrome c4 is elucidated, each half of the sequence will be found to take up the 'cytochrome fold' (Dickerson, 1980) . Of the six different Class I cytochromes c for which structures are available, we suggest that cytochrome c4 segments may most resemble the cytochrome c-554 from the cyanobacterium Anacystis nidulans (Ludwig et al., 1982) and Chlorobium cytochrome c-555 (Korszun & Salemme, 1977) . The most similar monohaem protein so far found is the cytochrome c-554(548) from the halotolerant Paracoccus sp. N.C.I.B. 8699 (=A.T.C.C. 12084, I.A.M. 203) (Hori, 1961a,b; Ambler et al., 1984a) , a protein that forms very stable non-covalent dimers. Another protein that matches well is the cytochrome c-554(547) from Thiobacillus neapolitanus (N.C.I.B. 8539) (Ambler et al., 1984b) . It is interesting that sequence revision shows that the cytochrome c-553 from Desulfovibrio vulgaris can now be accommodated in this class (Nakano et al., 1983) .
In the alignment shown in Fig. 2 , each of the sequences contain methionine at the positions corresponding to residues 66 and 167 in the A. vinelandii cytochrome c4 sequence, and these residues are likely to form the sixth ligands to the iron in the haem moieties. Detailed three-dimensional electron density maps are not yet available for any of these cytochromes, but crystallographic studies of the Ps. aeruginosa cytochrome C4 are well advanced (Sawyer et al., 1981) .
